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A hypothesis for one of the failure mechanisms of a rocket motor case is :::}.
= heat transfer through the outer case of the rocket causing the liner between :E::
A the propellant and case to degrade. Pyrolysis of the liner then occurs, N, :
- resulting in a pressurized bubble which may be of sufficient magnitude to .
:‘C: cause the propellant to tear or rupture. This tearing or rupturing will .::'.: '
AW,
o expcse more propellant to hot gases, thereby giving more surface area to -":f‘
o ‘
:\j burn. If the propellant ignites, it could cause a violent, uncontrolled fl:,
reaction. The scope of work for this task was to perform a structural (3
.,: analysis on the rocket in the cookoff scenario, to determine what stresses :2‘_4":
N and strains occur in the propellant and motor case, and to evaluate the bubble ::
3;: hypothesis as a cause of violent reactions. :-': \
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A. Rocket Motor

S "- "- "3

N 0,
» The rocket motor can be a complex analysis problem, with a thin outer 5?‘
= case of a strong material (steel or aluminum), a liner/insulator material “:'
~ which is usually rubber-1ike in behavior, and a thick inner core of ;;j
~ propellant, which also generally behaves in a nonlinear, rubber-1like ;:j
:5 fashion. The analysis approach used in this report was to construct an ES%
) accurate finite element model of the rocket geometry and material [
gﬁ properties. A finite element model is a very convenient form in which to do ER‘
parametric studies, where one parameter can be changed (such as propellant o
;g thickness) and the resulting effect can be determined. Si
) A typical rocket motor configuration is shown in Figure 1, with a section e
55 view showing the different propellant thicknesses of the core interior. Also ;ij'
- included in Figure 1 is a figure illustrating the bubble hypothesis. The ;;f
- finite element model was based upon the geometry in Figure 1, with the actual ;ff
h dimensions and material properties coming from the Shrike, a typical missile i
. involved in the cookoff problem. The model contains the steel case, the ;2:
ﬁi liner, and the propellant. ﬁ;_
) The structural analysis was performed with TEXGAP, a linear finite iit
!! element code which was written for solid propellant appiications. The TEXGAP .
- code contains a reformulated element (to avoid locking) for use with rubber- ;j_
" 1ike materials, i.e., materials with a Poisson ratio close to 0.5. This code iﬁ
) also contains an element formulated for a bimaterial crack singularity. :E
- A two dimensional, axisymmetric, linear model of the rocket configuration !}
;i was used in the analysis. This model is a first approximation to the Eﬂ-
-_. probiem. The two dimensional model is a simulation of a pressurized, radially :Q
j, symmetric bubble between two layers of a flat, circular plate. This model ﬁf'
ignores curvature effects, but was chosen for three reasons. First, it was ng
- desired to get a feel for both the problem and the tendencies of TEXGAP using ;E:
the simplest representative problem. Second, a two dimensional model is bf'
cheaper than a full three dimensional model due to the smaller number of :i;
degrees of freedom. Third, the two dimensional model was expected to give A
:; answers that were reasonably accurate, especially when the bubble size is Sj:
- i:(
‘e N
o
i
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. small compared to the rocket diameter. The Tinear analysis was chosen over a ;}
7 nonlinear analysis because a nonlinear model requires biaxial stress-strain :j
!g material dati, which is nonexistent in the open literature for the propellant '
and liner. 4
. ~ 0

:S The model was composed of quadratic elements. The thickness of :
v propellant was designed to be easily changed from the minimum thickness, ;
- between the webs, to the maximum thickness, including the webs. In this way a E
~ parametric study on the effects of propeliant thickness could be performed. ;’
' Since the linear code requires material input of only the elastic modulus E, 22
- and Poisson's ratio v, the liner and propellant were modeled as one material ﬁj
. since they have nearly the same E and v. The material properties used in the 4
] IN
s& model are shown in Table 1, from References 1 and 5. N
" Table 1. Rocket Model Material Properties o~
v i
‘ )
. Material E(psi) v 2
- Ny
- Steel (4340) 29.0 x 105 .20
Propellant 1100. .49 K
-f! Liner 1100. .49 )
(| L.
> o
'ﬁ The bubble was modeled as a crack between the case and the liner/ o
’ ~
propellant interface. When a pressure is applied to this surface, it opens up 2-
|! as a pressurized bubble would. The model was designed so that the crack

n length could be changed easi’y for parametric studies. Figure 2 shows the :
i finite element model for the minimum thickness of propellant, and Figure 3 -
N gives a close-up of the crack tip region. This representation of the bubble ::;
.. was felt to be the most accurate, based upon engineering judgement of the '
éﬁ situation. )
. For several of the procedures being studied to mitigate the cookoff ’
i? event, it is 1ikely that one area of the motor case would heat faster than :
surrounding areas, causing localized bubble formation. Adjacent areas to the )

xi bubble, which had not been heated sufficiently to cause degradation of the 2:
" Tiner, would still maintain the bond between case and liner. The steel case e
o and the thick propellant would offer resistance against the bubble's growth, ji
so it is most likely that a thin, elliptical bubble would result. This type L

o of bubble would have very thin, crack-like edges to it, which would be areas ?}
v -
<)

o -

. '
- =~
4
'{“Q“C{{fif{fJ{Li&fiféfiféf{i{f{i{’{“é‘ii§*4fiféfa’»fs*=’a’~’~f\f f~f~*~jxi\“ﬁ“\'~;x“xjxiujninﬁxin;njxﬁnjuixju‘xfzi
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o 3’ of stress concentrations. In the 1imit, these stress concentrations become

singularities where the stresses go to infinity. This type of stress problem
cannot be resolved with normal finite elements. To be able to model those
types of singularities, the crack tip and crack type elements have been used.
The pressure loads occurring in the bubble have not been defined at this
time. They must be determined experimentally or by a coupled heat transfer/
' mechanical model that treats liner pyrolysis and the mechanical distortions in
the case, liner and propeliant (this point is discussed in more detail in
Section V). However, in a linear elastic analysis, all of the displacements,
T strains, and stresses will scale linearly with the load. This allows a single
load to be chosen to obtain the stresses, strains, etc. A different loading
will change the results by the ratio of loading valves. The load chosen to
determine the performance of the model was 100 psi, applied internally along
the crack face. The boundary conditions and size of the model were chosen to
4 isolate the effects of the bubble upon the model. Figure 4 shows the deformed
,Ii - model and the boundary conditions. A close-up of the deformed crack tip
:; s region is shown in Figure 5.
_' The output from the model! includes stresses, strains, and K; and Ky
;i‘ . stress intensity factors at the crack tip. The stress intensity factors are a
' measure of the crack's potential to grow. They are computed, then compared to
= the material property called fracture toughness, just as stress is computed
h and compared to the yield or ultimate strength of the material. Kj is the
- | stress intensity factor which is associated with a crack opening motion, and
S Kip is associated with a crack sliding motion. The numerical results
indicated that there were no severe element distortions occurring, and that
there were no areas of unusually high stress or strain caused by improper
] boundary conditions.
:i‘:? The analysis approach for the rocket model involved varying the
2 parameters of crack length and propellant thickness for the given load of 100
o psi. For each case analysed, the finite element results were examined to
determine the locations of maximum stress, and the stress intensity factors at
R the crack/bubble tip were noted. Variations in propellant thickness were made
.: to determine the effects the inner core webs would have upon the results. The
crack/bubble length was increased to see what effect an increase in bubble
. size would have upon the stresses and stress intensity factors. Maximum
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stresses in the model were compared to manufacturer's data on the ultimate
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uniaxial strength of the propellant. A fracture toughness value, for compari-
son to the stress intensity factors, was not available in the literature, so
finite element modeling of liner-case peel tests was undertaken to establish
the fracture toughness for the liner-case bond. The analysis description of
the peel tests is presented in the next section. A complete discussion of the
results appears in Section III.

No temperature effects were included in the model. The reason for this
was mainly the lack of high temperature data for the material properties of
propellant and liner, and the lack of high temperature peel test, or similar
unbonding type test data.

B. Peel Tests

In addition to a failure criteria for the propellant, the fracture
toughness of the liner-case interface has to be determined in order to have
comparison figures for the K; and K;j stress intensity factors which occur at
the rocket model crack tip. In order to obtain representative numbers for the
peel strength of the liner-case interface, a series of tests were performed at
five different peel angles (Ref. 2). The test specimen, test fixture and peel
parameters are shown in Figure 6 reproduced from Reference 2. The approach
taken here was to model the peel tests in TEXGAP; this modeling was similar to
that of the pressurized bubble between the propellant and the motor casing.
vValues of KI and KII were computed by the finite element model for each peel
angle. These values of K; and K;; define a curve in K; - Kpp space. Since
the peel loads used to determine the K1 and Ky values are the loads required
to fail the bond, the curve they map out wculd be a region of facture
toughness states. Thus, if a numerical simulation using the rocket model
produces a Ky - Kyy point inside the curve, the crack will not propagate; if
the point lies outside the curve, the fracture toughness is exceeded and the
crack will run.

A number of models were constructed and tested before a final model
configuration was selected. In order to be comparable with the rocket motor
analysis, a linear model was constructed. The loads, from the mean peel
strength data given for each peel angle in Figure 6, caused severe element
distortions in the model. Since the analysis was linear, the peel loads were
divided by ten to give scaled results with Tess element distortion.
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The actual peel test was arranged to maintain a constant peel angle while
the liner was peeled from the casing material (Ref. 3). The finite element
model was required to follow this type of behavior. Boundary conditions were
applied to the finite element model to maintain constant peel angle in the
model.

The peel test finite element model finally chosen is shown in Figure 7,
with a close-up of the crack tip region shown in Figure 8. As mentioned
previously, the model material behavior was assumed to be linear. The
material properties used in the model are shown in Table 2 from References 1
and 5. The model was solved with a plane strain assumption, which is
warranted by the width of the test specimens. The elements were quadratic.
The aluminum plate and the liner material shown in Figure 6 were modeled; but
the steel foil was not, due to its thinness. The steel foil provided the
means for transferring the peel load to the insulator/liner. It is very
strong, compared to the liner, in the longitudinal pull mode, but due to its
thinness it provides virtually no bending moment. The action of the steel
foil was introduced to the model by adding tie elements to the top surface of
the liner. These elements constrain the nodes to slide together, simulating
the steel foil action. These tie elements also acted as a boundary condition
to keep the deformation of the model along the original peel angle, simuiating
the results of the actual peel tests. The mean peel load, divided by ten to
reduce distortion, was applied to the section of the model which simulated a
portion of the already peeled liner. The mean peel load remained almost
constant during the tests (Ref. 3), which indicated that the fracture
toughness of the Tiner-case interface remained constant as the liner was
peeled off.

Table 2. Peel Test Model Material Properties

Material E(psi v
Aluminum 10.0 x 108 .32
Liner 1100. 6 .49

Steel (Tie elements) 29.0 x 10 .30

The radius of curvature was made equal to the liner thickness to give a
smooth transition between the horizontal portion of the model and the portion
of the model which lays along the peel angle. The thickness of the aluminum
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plate came from the actual peel test configuration, and the thickness of the
liner was based on the Shrike rocket configuration, since it was not given in

Reference 2.

The stress intensity factors, K; and Kjp, are computed in TEXGAP through
a special contour integral which numerically integrates along the perimeters
of the crack elements. For this reason, the size of the crack elements can
affect the stress intensity factor calculations. If the crack elements are
too small, or large, the answers they give may be severely distorted also. In
order to eliminate any possible discrepancy, the size of the crack elements in
the rocket model and the peel test model were made the same. A sensitivity
analysis was performed with the peel test model, using crack element sizes
twice as large and half as small as the current size. The results showed a
variation of less than 10 percent, indicating that the current crack element
size is valid.

The location of the crack in the modsl was another important
consideration. From a qualitative point of view, the tip of the crack would
be expected to be right at the point where the curved portion of the model
connects to the flat portion. A requirement of the crack element, however, is
that its sides have to be straight. Also, the stress intensity factor
calculation is formulated for a slit type crack surrounded by crack elements,
which has an opening of zero degrees. Since the :crack elements have to
surround the crack tip, it would be impossible to satisfy the above criteria
while placing the crack tip right at the point where the curved and flat
portions meet. The decision was made to move the crack back one element
length (.028 in) in order to overcome these problems (see Figure 8). Since
this distance is small, the model did not display any unusual behavior. The
results of the peel test model will be discussed in Section III.
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5; III. RESULTS o
23
p A.  Rocket Model e

> -1

¢ The rocket model described in Section IIA was run in a number of ;'
(. different configurations. The internal pressure load applied to all the 3
- different models was 100 psi, which was used as a test value, rather than a .

> specific cookoff-determined valve., Since the internal geometry of the rocket Y
’. propellant can vary between a minimum and maximum thickness, as shown in 5?
: Z; Figure 1, the effect of propellant thickness was determined by running two E:
| different thicknesses. These thicknesses correspond to the minimum and %
:4 maximum propellant thicknesses of the Shrike rocket. These runs were intended E‘
g to give bounds upon the stress, strain, and stress intensity factor values. )
o To determine the effect of a growing bubble upon the stresses developed 2‘

a in the rocket, the crack/bubble length was varied in the models. The lengths f

, chosen were % inch and 1 inch. These lengths would correspond to bubble 3

’ i: diameters of 1 and 2 inches, respectfully. Both of these lengths were used in E;
. all models to determine the trends. o

ii The thin and thick propellant models described above do not reflect the i

s fact that a significant portion of the liner material may be removed (turned ;
— into a gas, creating the bubble) in the cookoff process. It is not currently ﬁ
known how much liner material would degrade and pyrolysize during the cookoff R

[ ] process. In order to examine the effect of the removal of some of the liner .b
R material, two models with some of the liner elements deleted were run to 3;

; v determine trends. Both of these models had the minimum propellant thickness, EJ
¥ with crack/bubble lengths of % and 1 inch. The different model configurations ﬁ
. are summarized in Table 3. Plots of the initial and deformed geometries of ;_
< all the cases described above are given in Appendix A. o)
The failure criteria of the rocket propellant are based upon maximum -

i? stress and strain room temperature values for the Shrike rocket propellant E{
from Reference 1. These values are reproduced in Table 4, along with ultimate L

:5 stress and strain data for the case from Reference 5. It is believed that ;

r v these results come from uniaxial stress tests. -
i I
;] 3
v, 9
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; a
;X Table 3. Rocket Model Configurations E
» :
!! Minimum Max imum Some *
r Crack/Bubble Propeliant Propeliant Liner 4
Length (in) Thickness Thickness Removed* o)
L3 X )
{l o }5 X X :Jq
’ 1 X X X -
4 "
i\ l"
i *These models used the minimum thickness propellant L
" N
~ >
}Q Table 4. Rocket and Case Mechanical Properties Y
e )
% Material E(psi) om(ps1) n (in/in) :'
Propellant 1100 160. .21 ;1
A Steel (4340) 29.0x108 160,000. .16 b
A. ' M
ﬁ The state of stress and strain in the rocket model is triaxial. (There
are r, z, and e components. The theta component is due to the axisymmetric -
N analysis.) In order to compare the rocket stresses and strains with those in o
' Table 4, the principal stresses and strains at each node are noted, and a von "
Mises stress and strain is also computed using these principal values. The ;'
!! von Mises criteria is usually used to define the yield point for linear S
¢ elastic materials. We have used the von Mises criteria in this analysis to ﬁt
. define the failure point, which is a valid approach because the model is Zj
o linear elastic. In that manner, the maximum vaiue of stress for comparison to -
TN the failure values at a node will either be one of the principal values, or :
»
. the von Mises stress. Shear stresses and strains are not used as failure 3
o criteria because material failure values for comparison do not exist. The von ;H
- Mises stresses and strains are computed from the following formulas, where the
1, 2, and 3 subscripts represent the principal values. f
2 2 2 2
2avm - (01 - 02) + (01 - 03) + (02 - 03) ;~
=
N S
N v
| ::'
r ~
'l
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The following figures and tables show selected values of the r, z and ¢
components of stress and strain, the principle stresses and strains, and a von
Mises stress and strain for each of the rocket models in Table 3. The stress

intensity factors, K; and Kyj, are also reported on these figures. Results
are given for the propellant and the case, and aiso for the liner. The areas
of principle concern for failure in the rocket are the propellant and the
case. The liner values are given only for comparison to peel test valves, and
to show trends in the stress/strain patterns. A failure in the liner alone

'would not significantly influence the cookoff problem. The primary failure

mode investigated for the liner would be the ability of the bubble to advance
down the liner-case interface. This will be determined by examining the
stress intensity factor values at the edge of the bubble (crack tip), and
comparing them to the peel test model results, which are reported next.




o'q

v r
A L
-‘?.‘

l&
—
(Ve

1

¥
<
a

Location Guide For Stress and Strain
4 Minimum Thickness Propellant Rocket Models

~N
ey
ot

B

ey
L
o®
[y

4 5

'Y
—N
A

s O~

>
.
'U‘r't.&'h

.
Pd

Pl
4

5,

F (]

-]
-“l}\ h

Propellant

(g |
LT RN L v
Y

.

4
j [ ]
w ANINANINZNINANINININANANANT &
N CmOC0O000000000:000000001000%F ——F ¥
== EEREEE=E===EE 3
:'_\ - Lase | S :::'
. Note: The location of the crack tip ®
region shifts to the right as the D
. crucivbubbia length increases. A
- Locations 1 through 1! remafn the e
5 same, and locations 12-20 remsin O
the same relative to the crack o
tip, in all models. :.:
0 17 )
-IA\I
0 L
L2 '5 " :-
R
'_j Liner ::-1‘“
2 \/ \/ :"\
. hi g
v -0
i ZIL LD\
, 13 (¥ g

Case

9

N7
7N

i ®
Crack/Bubble Crack Tip T
Location Ik

Figure 9

. L I e, I S it [ N R N I I T T L N T N S N Vo T e N N TR Wl YL BTN
K l__a“ 4 _'-"‘.I_'.‘-.'I.'f._/'._c'.. AN AR R A RN >N - . \,{. \'.r “. NN \,.__'.{_.,J, A -"'I.r - J'\f RN

ol A A



.f‘
o'
PN 20
.
e ;.; Table 5. Output Values From Minimum Thickness Propellant Models
T
s Crack/Bubble Length = k% inch
- ] Ky = 212.9 psi. vin. Ky = 313.7 psi. vin.
- * (A11 stress values in psi, positive denotes tensile value)
Y.
S ¥
v Location o, a, o, 91 7 03 Sym
LY
) 1 9.3 0 9.3 9.3 0.4 9.3 8.9
2 3.4 -7.4 3.4 3.4 -7.4 3.4 10.8
~ 3 2.8 -18.4 2.8 2.8 -18.4 2.8 21.2
o 4 -8.2 -74.9 -8.2 -8.2 -74.9 -8.2 66.7
W O
N N 5 -26.0 -89.0 -26.0 -26.0 -89.0  -26.0 63.0 f
R
N 6 -76.5 -100.2 -76.5 -76.5  -100.2  -76.5 23.7
7 11320 24.1 11320 11320 24.1 11320 11296
bl - 8 5.5 0 6.5 5.5 0.1 6.5 6.0 1
4N
. 9 1.0 -3.5 2.6 4.1 -6.6 2.6  10.0
3
- i 10 -5.0 -13.3 3.5 6.0 -24.3 3.5 29.1
S 11 -14.6 -58.5 8.4 1.9 -75.0  -8.4  72.3
SN,
-7 12 -31.9 -97.6 -49.1 -29.6 -99.9  -49.1 62.9
" l, 13 187.5 195.3 187.4 199.3 183.5 187.4 14.3
o,
» 14 108.4 114.3 108.2 117.0 105.7 108.2 10.3
v~ 15 -17.4 67.6 38.2 91.4 -41.1 34.2 115.1
2 16 17.3 161.5 77.3 166.0 12.8 77.3 133.2
- 17 5.5 20.1 15.3 23.2 3.3 15.3 17.4
- 18 6846 -5.6 8679 6859 -18.5 8679 7945
S 19 575 23.6 4972 589 9.9 4972 4699
[- X
-~ ;
-.: . :
‘.\
o
P ,:.'
\J‘ _’4
W)
\,‘ -,
-::-:.-',- A O e R R N I O R N DI PN A
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Table 5. Output Values From Minimum Thickness Pronellant Models (Cont'd)

‘1- ':-':-

Crack/Bubble Length = & inch
Kp = 212.9 psi vin.  Kyp = 313.7 psi vin.
(A11 stress values in psi, positive denotes tensile value)

R

ig Location €y €5 €o €] €2 €3 €ym

? 1 0 -.0078 0  .0043  -.0078 0 .011 \
2 0 -.0096 0  .0049  -.0096 0 .03 'l;..
0 -.019 0  .0093  -.019 0 .025 .:
0 ~.061 0 .029 -.061 0 .080 4

0 -.058 0 .026  -.058 0o  .074 i:

0 ~.024 0 .0075  -.024 o .029 .‘: -

0 ~.0002 0  .0003 -.0002 0  .0004 i

.0022 .0051  .0034  .0022  -.0051  .0034  .0080 ’:_:.

.0012 -.0047 .0034 .0054  -.0090  .0034  .0l4 S

.00l -.012 .010 .014  -.0027  .0l0  .015 :

.017 -.042 .025 .039  -.064  .025  .097 \

036 -.052 .013 .039 -.056 .013 .085 e

.00002 010  -.0002 .016  -.0054 -.0002  .019 "7

00001 .0080  -.0002 012 -.003% -.0002 .0l Er
-.058 .056 .012 .089  -.090 .02 .16 :;:"'

-.078 116 .0031 122 -.084  .0031 .18 *\
-.011 .0095  .0018  .012  -.014  .0018  .022 o
.0001 -.0002  .0002  .0001  -.0002  .0002  .0004 ."
-.00003  -.00006  .0002 -.00003 -.00006  .0002  .0002 \
33
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20

N 22
;\ '.5 Table 6. Output Values From Minimum Thickness Propellant Models

w Crack/Bubble Length = 1 inch

) Ky = 249.9 psi vin. Ky = 641.0 psi vin.

: (A11 stress values in psi, positive denotes tensile value)

S

,_ < Location 9y a, 9y 9y gy 04 Sym
2 1 50.0 0 50.0 50.0 1.1 50.0 48.9
\ 2 14.3 -23.2 14.3 14.3  -23.2  14.3  37.5
S 3 3.7 -45.5 3.7 3.7 -45.5 3.7 49.2
SN 4 -37.8 91.8  -37.8  -37.8  -91.8 -37.8  54.0
".E 5 -57.8 96.5  -57.8  -57.8  -96.5 -57.8  38.7
L A 6 _94.1 99.9  -94.1  -94.1  -99.9  -94.1 5.8
- 7 35500 31.8 35500 35500 31.8 35500 35468
?-_ ~ 8 35.0 0 39.0 35.0 0.7  39.0  36.5
™ b 9 9.4 16,3 12.6  18.7  -25.7  12.6 417
2 ' 10 -6.8 -57.5 -3.8 4.6  -68.9  -3.8  69.7
Sr: 2 11 -50.5 -95.0  -52.2  -49.0  -96.5 -52.2  51.5
= 12 -3.2 -96.7  -40.9 1.7 -101.6 -40.9  89.9
& - 13 362.0 376.0  361.5  376.5  361.5 361.5  15.0
.’5_\ v 14 228.7 240.1  228.2  240.1  228.6 228.2  11.7
X 15 13.3 167.5 91.5  203.3  -22.5  91.5  195.6
o 16 77.2 317.1 1723 324.3 70,0 1723 221.6
o5 17 29.0 60.3  44.3  65.3  24.0  44.3  35.8
R 18 8038 -12.1 19610 8107  -80l14 19610 24034
E v 19 5622 _18.5 11520  -185.3  -5622 11520 15113
.

o
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L
E:-‘ Table 6. Output Values From Minimum Thickness Propellant Models (Cont'd) E"‘:-
’ Crack/Bubble Length = 1 inch R
Ky = 249.9 psi vin.  Kpp = 641.0 psi /in. e
i (A11 stress values in psi, positive denotes tensile value) E‘;"
¥ i
N Location Ep €, €, €] €9 €3 evm :".Cj-
= 1 0 -.082 0 0.23  -.042 0 .07 NG,
2 0 -.033 0 .017  -.033 0 .044 ’:E
2 3 0 -.045 0 .022  -.085 0o .059 2
¢ 4 0 -.050 0 022 -.050 0o .064 g
- 5 0 -.037 0 015 -.037 0 .046 ’;-j’
¥ 6 0 -.0087 0  -.0009 -.0087 0 .0083 o
j? 7 0 -.0007 0  .0008  -.0007 0 .0013 %—
g 8 .015 -.032 .020 .015  -.032  .020  .050 Y
~ 9 .010 -.024 .014 .023  -.037  .0l4  .056 e
K 10 .021 -.048 .025 .036  -.063  .025 .094 ‘::':‘
4 11 .018 -.042 .016 020  -.044 .016 .062 ‘2:‘-:.
12 .059 -.067  .0080 .065  -.074  .0080 .12 o
.!.- 13 .0002 .019  -.0005 .020  -.0005 -.0005 .020 ‘i:
. 14 .0002 .016  -.0005 .06  .0001 -.0005  .0l6 x
- 15 -.097 1 .0084 .16 -.15  .0084 .27 S
” 16 -.13 .20 .0016 .21 -.14  .0016 .30 ?-
. 17 -.020 .022  .0004 .029  -.027  .0004  .049
18 .00007 -.0003  .0006  .00008  -.0003  .0006  .0008 -
. 19 -.0003  -.00007  .0005 -.00007  -.0003  .0005  .0007 .
r
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Table 7. Output Values From Maximum Thickness Propellant Models

Crack/Bubble Length = % in.

Kp = 228.3 psi vin.

Kpp = 351.1 psi vin.

” (A11 stress values in psi, positive denotes tensile value)
o
N Location 9. O, Sy 91 g o3 Oym
'.! 1 0.7 0 0.7 0.7 .008 0.7 0.7
. 0.4 -1.7 0.4 0.4 1.7 0.4 2.1
::3 3 0.5 -2.7 0.5 0.5 2.7 0.5 3.2
~ a -8.8 -75.9 -8.8 8.8  -75.9  -8.8  67.1
= 5 -26.4 -89.5  -26.4  -26.4  -89.5 -26.4  63.1
" 6 -76.1 -100.2  -76.1  -76.1  -100.2  -76.1 24.1
. 7 11840 24.1 11840 11840 24.1 11840 11816
' 8 0.6 0 0.6 0.6 .006 0.6 0.6
E 9 0.2 -1.3 0.3 0.4 -1.6 0.3 2.0
10 -5.7 -15.3 3.0 4.5  -25.5 3.0 29.3
3 11 ~15.1 -59.4 9.0 0.7  -75.2  -9.0  71.5
12 -32.7 -97.7  -49.5  -30.5  -99.9  -49.5  62.1
' 13 184.0 191.7  183.9 196.7  179.1  183.9 15.8
2 14 105.9 111.8  105.8  115.2  102.5  105.8 11.4
- 15 -18.3 65.3 32.6 88.5  -41.5  32.6  113.0
§ 16 15.6 158.4 75.2  162.9 11.0  75.2  132.1
. 17 4.7 19.7 14.4 22.2 2.1 14.4 17.6
) 18 7368 -5.1 9201 7380  -17.0 9201 8456
19 1096 38.2 5494 1105 29.0 5494 5014
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- Table 7. Output Values From Maximum Thickness Propellant Models (Cont'd)

.Jﬁl -

Crack/Bubble Length = % inch

« w v{l}"l}’,l x v‘.‘.-'

E Ky = 228.3 psi /in.  Kq = 361.1 psi /in.
‘ (A11 stress values in psi, positive denotes tensile value) :
& locaticn 3
§~ ocatichn €y €s LY €1 €9 €3 ngn_ E
2 1 0 -.0006 0  .0003  -.0006 0  .0008 %3
5 2 0 -.0019 0  .0009  -.0019 0 .0025 %
2 3 0 -.0029 0 .00l4  -.0029 0 .0038 =
= 4 0 -.061 0 029  -.061 0  .080 6
5 0 -.058 0 .06  -.058 o .074 b
> 6 0 -.025 0 .0077  -.025 0 .030 Y
7 0 -.0002 0  .0003 -.0002 0 .0004 :
%\ 8 .0002 -.0005  .0003  .0002  -.0005  .0003  .0008 i
g 9 .0006 -.0014  .0008  .0009  -.00l7  .0008  .0026 N
10 -.0005 -.013 .012 013 -.027  .012  .040 .“
{;} 11 017 -.042 025  .038  -.064  .025  .096 2
| 12 .035 -.052 .013 .03  -.055  .013  .083 ’,:
‘ 13 .000007 013 -.0002 .07  -.0067 -.0002 .02l 7
- 14 .000003 .0079  -.0002 .012  -.0046 -.0002 .05 B3
= 15 -.057 .055 .016 .087  -.088 .06 .15 g
16 -.077 .12 .003 12 -.083  .003 .18 '
' 17 -.0l1 .009 .002 013  -.015  .002  .024 $\
= 18 .0002 .00 .0002  .0002  -.0002  .0002  .0004 !
19  -.00002  -.00007 -.0002 -.00002 -.00007 -.0002  .0002 .
=
. A
' L.

L] R A TR TN AL AL B AP I L TR | C e, . AL PR PO SR "o v . e . S e P R - e e ol
#./,.,'.‘,'\.,-\.' N R N N S N A T N TR N T A AP e At
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v Table 8. Output Values From Maximum Thickness Propeliant Modeis

Crack/Bubble Length = 1 in.
Ky = 320.7 psi vin.  Kyp = 810.0 psi vin.
S (A11 stress values in psi, positive denotes tensile value)

Location o g, 9y 91 7 oq Tym A

5.0 4.9

2.0 12.6

2.3

17.8

-37.7

57.7

w
t
(8,1
(53]
.
w

5 -55.3 -98. -55.3 -98.3 -55.3 43.0 N

¥ 6 -86.3  -100.0  -86.3  -86.3 -100.0 -86.3  13.7 3
7 37890 31.8 37890 37890  31.8 37890 37858 4
0 a5 4.4

.0 1. 12.0
. 10 -10.8 -66.4 7.7 -3.7  -73.5 7.7 76.1 5
2 11 -49.4 -96.8  -50.7  -48.8  -97.4  -50.7  47.7 e
2 12 -13.3 97.4  -44.9 9.7 -100.9 -44.9  79.7 3
: 55 13 335.6 349.8  335.0  357.1  328.2  335.0  26.2 >
. 14 210.5 221.7  210.0  227.7  204.5 210.0  21.0 :
g 15 3.2 149.3 78.6  180.3  -27.9  78.6  180.3 A
16 61.3 294.5  155.4  302.8 52.9  155.4  217.6 3
§4‘£ 17 22.8 53.8 39.3 61.1 15.6  39.3  39.4 :
S % 18 10420 9.9 22000 10480  -62.6 22000 19113
.9 15835

.................
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Table 8. Output Values From Maximum Thickness Prcpellant Models (Cont'd) o
,-.:' d
Crack/Bubble Length = 1 inch P

L)

Ky = 320.7 psi vin. Kip = 810.0 psi vin. )

(A11 stress values in psi, positive denotes tensile volume) §$¢‘
Y

oY

Location €p €5 €o €] €2 €3 fvm &“ﬁ
W

1 0 -.0043 0 .0024  -.0043 0  .0059 =
2 0 -.011 0 .0056  -.011 0 .015 v
3 0 -.016 0 -.0079  -.016 0 .014 B
.

4 0 -.054 0 .024  -.054 0 .069 S
L)
5 0 -.041 0 .017  -.041 0 .052 s
]

6 0 -.016 0  .0028  -.016 0o .08 e
7 0 -.0008 0 .0009 .0008 0  .0009 gig-
8 .0019 -.0038 .0022 .0019  -.0038  .0022  .0059 ;Eg}
T

9 .0038 -.0089 .0049 .0056  -.011  .0049 .016 N
&
10 .022 -.052 .027 .030  -.061 .027 .090 O
.l’\d"
11 .019 -.044 .018 .020  -.045 .018 .064 7]
. \:,

12 .051 _.062  .0088 .056  -.066  .0088 A1 N
13 .0002 .019  -.0005 .029  -.0097 -.0005 .035 o
A
14 .0002 .015  -.0005 .023  -.0079 -.0005  .028 e
g
1€ -.093 0.10  .0088 0.15  -0.13  .0088 .24 w
®.

16 -0.12 0.19 .0020 0.20  -0.14  .0020 .30 NN
.~}~:.

17 -.021 .021 .0013 .031 -.031  .0013 .054 e
YA
18 .0001 -.0003 .0006 .0001  -.0003  .0006  .00O08 ~i€“
19  -.0003 -.0001 .0005  -.0001  -.0003  .0005  .0007 e
. '. =
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g Table 9. Output Values From Minimum Thickness Propellant Models

~ (Some Liner Removed)

' Crack/Bubble Length = 1/2 in.

F Kp = 212.0 psi vin. Ky = 318.7 psi vin.

o (A11 stress values in psi, positive denotes tensile value)

ol Location o g, 9 o1 s g3 Sym

r

- 1 9.7 0 9.7 9.7 0.4 9.7 9.3

by 2 3.5 -7.7 3.5 3.5 -7.7 3.5 11.2

: 3 2.9 -19.2 2.9 2.9 -19.2 2.9 22.1

';. 4 -9.2 -81.0 -9.2 -9.2 -81.0 -9.2 71.8

R 5 -31.4 -95.2 -31.4 -31.4 -95.2 -31.4 63.8

" 7 11410 24.1 11410 114l0  24.1 11410 11386

"' 8 5.7 0 6.7 5.7 0.1 6.7 6.2

) 9 1.0 -3.6 2.7 4.3 6.8 2.7  10.4

ﬁ 10 -5.4 -13.4 3.7 6.3 -25.1 3.7 30.2
11 -22.4 -55.4 -8.3 -4.7 -73.2 -8.3 66.8
13 182.9 190.1 182.8 194.7 178.3 182.8 14.7

! 14 107.5 113.6 107.3 117.3 103.8 107.3 12.1
15 -17.3 71.4 36.4 92.8 -38.7 36.4 114.3

, 16 17.6 159.4 77.7 164.0 12.9 77.7 131.3

e 17 5.7 21.3 15.4 23.5 3.5 15.4 17.4

'::: 18 6935 -5.5 8768 6948 -18.2 8768 8032

: 19 655.7 26.7 5059 668.7 13.7 5059 4752
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I~ Table 9. Output Values From Minimum Thickness Propellant Models (Cont'd) :IE;:'.
Lhﬂ (Some Liner Removed) f:.:.'-.
. Crack/Bubble tength = 1/2 inch -."
N K; = 212.0 psi vin. Ky = 318.7 psi vin. oy
:: (A11 stress values in psi, positive denotes tensile value) EE:
: Location < €, €, €1 €9 €3 evp Iif:
E 1 0  -.0080 C  .0044  -.0080 o .ol 2
& 2 0 -.010 0 .05  -.010 o .013 =]
'_ 3 0 -.020 0 .0097  -.020 0 .026 ‘U
2 4 0 -.066 0 031  -.066 0o  .086 5
~ 5 0 -.059 0 .027  -.059 0 .076 B
a 7 0 -.0002 0  .0003  -.0002 0 .0004 ;
: 8 .0022 -.0053  .0036  .0022  -.0053  .0035  .0082 ;‘}
9 .0012 .0049  .0036  .0056  -.0093  .0036  .0l4 ;‘
| 10 -.0013 -.012 .011 .014  -.028 .01l .04l -g
. 11 .0069 -.038 .026 .031  -.061  .026  .090 :‘f
g 13 .00002 .0097  -.0002 .016  -.0062 -.0002  .020 ;-;:
5 14 .00001 .0083  -.0002 .013  -.0049 -.0002  .0l6 LB
! 15 -.060 .059 .012 .088  -.089  .0I2 .15 :
% 16 -.078 A1 .0032 12 -.084  .0032 .18 é
) 17 -.011 .0098  .0019 .013  -.014  .0019  .024 e
" 18 .0001 -.0002  .0002  .0001  -.0002  .0002  .0004 *'4:
19  -.00003  -.00006  .0002 -.00003 -.00006  .0002  .0002 :\:é
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?;': Table 10. Output Values From Minimum Thickness Propellant Models ;-’-2-?
AN (Some Liner Removed) RN
N
! Crack/Bubble Length = 1.0 in. ﬂ‘
& Ky = 246.1 psi vin. Ky = 652.8 psi vin. o
(A11 stress values in psi, positive denotes tensile value) f-'-‘,;ﬁ
> Ef.’:
- Location oy g, 9 o1 ) 0q Oym “a
> o,
~~ RS
‘ 1 52.8 0 52.8 52.8 0 52.8 52.8 )
i 2 14.6 -24.9 14.6 14.6  -24.9  14.6  39.5 R
. 3 3.1 -48.8 3.1 3.1 -48.8 3.1 519 _u
- NG
= 4 -45.0 -95.6  -45.0 -45.0 -95.6  -45.0 50.6 ;2::2
A
5 5 -68.5 -99.0 -68.5 -68.5 -99.0  -68.5 30.5 ;E:E
: 7 35620 31.8 35620 35620 31.8 35620 35588 ;r
N
8 36.8 0 41.1 36.8 0.7 41.1 38.4 ey
-(‘:‘
9 9.5 -17.3 12.9 19.6  -27.4  12.9  44.0 NS
O
10 -8.1 -60.8 -5.2 4.1 -73.0 -5.2 72.9 '
11 -59.9 -98.2 -62.2 -59.2 -98.9  -62.2 38.3 i
R
13 350. 3 367.8 349.8 377.8 340.3  349.8 33.8 R
14 228.5 262.5  228.0  346.2  224.7  228.0  119.9 R
15 25.0 168.5 98.6 206.1 -12.5 98.6  189.3 S
16 67.0 315.5 169.5 319.7 62.8  169.5  223.5 R
o
17 31.1 61.4 45.4 65.9 26.6 45.4 34.0 g
.
18 8160 -12.0 19740 8227 -79.0 19740 17238 _
S
19 -5498 -180.0 11650  -180.0 -5498 11650 15203 B
@
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f»:‘ Table 10. Qucput Values From Minimum Thickness Propellant Models (Cont'd) :::::'
’- (Some Liner Removed) :';-;
Crack/Bubble Length = 1.0 inch ®
Ky = 246.1 psi vin.  Kyy = 652.8 psi vin. i
= (A11 stress values in psi, positive denotes tensile value) :':‘
iy NS
. "
Location €p €, €q €] €9 €3 €y )
- ",
" 1 0 -.045 0 .025  -.045 0o .06l i
: 2 0 -.035 0 .018  -.035 0 .047 L
" 3 0 -.047 0 023 -.047 0 .062 o
Ay IS
g 4 0 -.047 0 .021  -.047 0 .060 o
)
r
5,- 5 0 -.030 0 .011 -.030 0 .037 ;;‘5
. Ty
' 7 0 -.0007 0 .0009  -.0007 o  .00l4 2
g
2 8 .015 -.033 .021 .015 -.033 .021 .051 _.-}_
4
o 9 .011 -.025 .015 .024  -.039  .015  .059 o
¢ 10 .022 -.049 .026 .038  -.066 .026 .099
e
. 11 .016 -.036 .012 017 -.037 .012 .052 E:-ﬁ
'- -:,
i 13 .0002 .024  -.0005 .037  -.013 -.0005  .045 o
! 14 .0002 .019  -.0005 .024  -.0048  -.0005 .027 !:
) 15 -.091 .10 .0081 .15 .14 .0081 .25 =
& R
T 16 -.14 .20 .0018 .20 -.14 0018 .30 S
@
v, 17 -.019 .022 .0002 .028 -.025  .0002 .046
‘. R
- 18 .00008 -.0003 .0006  .00008  -.0003  .0006  .0008 7
<’ -:-\-"
= 19  -.0003 -.00007 .0005 -.00007  -.0003  .0005  .0007 ot
’ o
o
-.. :::--
N
T
o
7 PN
;
N =
r:‘ .:.:-‘
. :.,i“
T
T N A A e O e N N N A NN AN I NN NN N ‘.:3:1
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B. Peel Test Models

The objective of the peel test models was to determine the KI - KII
states at the liner-case interface which exists when the liner peels off.
These states are interpreted as the fracture toughness of the liner-case bond,
and are compared to the stress intensity factors arising from the rocket
models. Thus, whether a bubble grows or not could be determined.

The peel test models incorporated the peel angle and mean peel load data,
as shown in Figure 6. It became apparent in early model development that the
values of K; and Ky developed in the peel test madels were not in a
comparable range to the valves coming from the rocket models. In particular,
the Ky; valve, which represents a s1iding motion, was muéh larger in the
rocket models. As a result, comparison between the peel test results and the
rocket results were hindered. This tendency became worse as the peel angle
grew larger. For this reason it was decided to ignore the results of the peel
tests with angles of 110° and 133°, and to concentrate upon the results of
tests with the angles of 49°, 73° and 90°. The incompatibility of the stress
intensity factor values from the rocket and peel test models indicated that
the failure mechanism was different somehow, and dictates the need of smaller
angle tests, or a different type of tests. This point is elaborated upon in
Section V.

The load applied to the models was actually the mean peel load divided by
ten. This was done to reduce the element distortion. Since the analysis was
linear, all results obtained from the peel test models were multiplied by ten
to obtain the full scale results. Plots of the original and deformed geometry
of the peel test models are shown in Appendix B.

The following Figure 12 shows a typical peel test model. The Tables 1l-
13 give values of Ky and Ky, along with values of stress and strain at
locations 1 and 2 near the crack tip. When the values of KI and Kyp from the
peel tests did not lie in a comparable range to the rocket model results, it
was decided to examine stress and strain near the crack tip. If a consistent
failure stress or strain could be identified, then those values would be used
for comparison values to determine whether the bubble would grow in the rocket
models, and the K; - Kp; approach would be abanduned. This approach would
require comparing the failure stress or strain level from the peel test models
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to the stress or strain at the crack tip in the rocket models.

discussion of these results appears in the next section.

i 0N R ey W 0 ST A s i e Y oo e S an




VYL ¥ T Y ; . PRalTadin » vy Sr vy v el . T eN /St Y o, Wit .
. P e ar's AR RSO ..M..\J-—-..ﬁ. -w\..\ﬁ\ﬁ.ﬁ -..-\\\-\V\\. Wy e MWIORAREROTRR A A A
n-.. . .Jb-f-fnJ AP w.f -n > ‘MAV« ' \- RO R ke . SJ\ -\.{\ -\: L .\-&..f .\.\.“' VL-*S ' .V.r\-\- S -\P\-Fn-i‘:-t\h!\-(\- .Fn(nlnlunu*-l-\!-uf.wl 1-} . -..-.. -.--J--i.\ -. -' \f\.ﬁ\‘a"nn).nu’ﬁ”N& . r\-\-\lvnn.r\.

J

|
Wl
09,

WK

' .’:‘*"'“.-.}\ “ -

36
$O
O
QO
&
o
-
Liner
——
Case
{
O TN

O
OO0
Lo
]
101
Crack
Tip

2
X
%,

I A2
il ==
Il ;

_\\\.w‘..\ ,ﬂ/ _\\\\.\\/«/// \\\\.\\/., NN .
JL N

Location Guide For Stress and Strain

BEE
]
][
2 3 o iy

J L
1€
J 1T

PN AT AT 4-"./'\'.)"_‘./-

J L
1L
o

J {
L}
I — ——
11

L. L_J
J r— —
>~
UL
-
= ” . - x 3 3 [y = L - . - - W, e e . . - - - . y
s vt Wy 2xy ARSI A SO vy e Ay IR Gy e A0 Ty s LA S

A o e




PEAR

L. &

RN
St

(A |

| I
Plek s

' (l \ .' .‘ T
“te'a
- -

...................

37

:';5

Table 11. Output Values From 49 Degree Peel Angle Model :_':2

'z
Ky = 508.9 psi. vin Kyp = 69.0 psi. vin )
(all stress values in psi, positive denotes tensile value) _.i..

Cal

3

Tocation Oy Oy o, a1 09 03 ym \_;:
s

1710 1718 1710 2068 1360 1710 613 N

2 1132 1167 1132 1446 853 1132 514 3
._’:'

€x ey €z €] €2 €3 €vm e
1 .00006 .010 0 .48 -.47 0 .82 7
2 .00004 .046 0 .42 -.38 0 .69 .
~ ‘:
Table 12. Output Values From 73 Degree Peel Angle Model AN

o~

Kp = 315.7 psi. vin Kip = 24.6 psi. vin o
(211 stress values in psi, positive denotes tensile value) j';-?_

'r\

£

location Oy oy o, a1 7 03 Sym i:
1 1065 1082 1065 1225 923 1065 262 .'h
2 710 739 710 859 589 710 234 :‘:
Ex Ey € €1 €9 €3 er_ :,,;:

LY

.00003 .022 0 .21 -.19 0 .35 o
2 .00002 .039 0 .20 -.16 0 .31 7
i

f:::}

e

Table 13. OQutput Values From 90 Degree Peel Angle Model

o

K; = 208.9 psi. vin Kgp = -13.3 psi. vin e
(a11 stress values in psi, positive denotes tensile value) ;:Z:‘_
location Ox oy a, 01 oy 03 oym _::.E:
®
712 745 712 747 710 712 36 rE

2 481 520 481 541 460 a8l 73 Y
€x 'y €2 1 €2 €3 fvm ::E:

®

.00001 .045 0 .047 -.0027 0 .048 :_‘:.'_.

2 .000003 .051 0 .081  -.029 0 .099 S

o
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IV. DISCUSSION

This analysis depends upon two responses which occur as the pressurized
bubble is formed. The first is the formation of stress and strain states
within the propellant and case. The second is the development of stress
singularities at the crack/bubble edge, characterized by the magnitude of the
stress intensity factors. The failure scheme employed in this analysis was
therefore a two parameter method. For the rocket models, the approach used
was to determine a factor, which when multiplied by the applied pressure load,
would cause either a specific stress or strain value to reach the failure
value shown in Table 4. This factor was termed “failure factor." A similar
factor was calculated for the stress intensity factors. The failure factor
relative to the stress intensity factors would be the number, which when
muitiplied by the applied pressure load, would cause the K; and Kyp values to
exceed the critical states mapped out by the peel tests. This load factor
approach is valid in a linear analysis. For a particular model, which ever of
these factors was the smaller would determine which process had reached
"failure" first., Either the stress or strain would reach its failure value,
indicating a rupture in the propellant or case, or the stress intensity
factors would reach their critical values, indicating that the bubble would
grow before the rocket case or propellant had failed.

A. Peel Test Models

The determination of the critical values of the stress intensity factors
came from the peel test models, the results of which are shown in Tables 1l1-
13. These values of Kp and KII actually describe the strength of the case-
liner bond. These values are graphed in Figure 13, along with the K; and Ky
values from each of the rocket models. The original idea was to have the peel
test results map out a curve in Ky - Kyp space, which would represent the
critical values of K and Kpp for crack/bubble growth.

Refering to Figure 13, it can be seen that the values from the peel test
models do not 1ie in a comparable range with the rocket model results. The
values of Kips n particular, are much greater for the rocket models. Since
KII is the stress intensity which refers to sliding motion, this indicates
that the crack/bubble in the rocket model is experiencing much more sliding
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type motion than the peel tests are exhibiting. The peel test model results

v o~
v give larger Ky values as the peel angle gets smaller, but even at the ES
!E smallest peel test angle (49°), the value of Ky; is 60 psi vin, compared with f'
A values from 314 to 810 in the rocket models. Because stress intensity factors 4
W are dependent upon the stress fields which surround the singular point, these {i
v results indicate that the failure mechanisms occurring in the peel tests are >

different than those occurring in the rocket models. The basic reaction,
gz liner peeling away from case, is the same, but the driving stress fields Z;
) appear to be very different. Oue to the incompatibility of the results on . 7
:: Figure 13, the use of the peel test models for determining the critical EE
~ K[ - Ky curve was abandoned. | {
ﬁE Another attempt was made to derive critical values from the peel test .
-~ models. This approach was to examine the values of stress and strain, from o
v Tables 11-13, which occur at points in the liner material next to the crack 2{
T tip (labeled 1 and 2 on Figure 12). These locations in the peel test models f
would indicate the stress and strain magnitudes along the liner-case :;
interface. Values at the crack tip itself were not used because the .
singularity exists there. If a consistent stress or strain value could be E’
ii found among a1l the inodels, that value would be used as the critical value for ?
' crack initiation. , =
- From an examination of the results in Tables 11-13, it can be seen that i:'
N there is no consistent value among the different peel angles. A1l values are :;
!. larger from the 49 degree model, and they get progressively smaller as the F
Y peel angle goes to 90 degrees. This response corresponds to the magnitude of I;f
. the mean peel load, from Figure 6, which varies from 166 1b/in for the 49 Eﬁ
:f degree test to 51.7 1b/in in the 90 degree test. It was expected that there :?
should be some consistent values of stress or strain near the crack tip, :

; ;ﬁ because the materials are the same in all cases, but this is not borne out in iﬁ

- the peel test models. It is felt that this inconsistency may be due to the Zﬁ
o fact that a linear analysis was performed, where in actual conditions the :i
- material behaves very nonlinearly. ;f
: The net results from the peel test models proved to be inapplicable for il

e the bubble growth problem. Since a critical Kp - KII curve, or a consistent 52
- critical stress or strain could not be identified, no failure criteria could i:
’ be established to determine whether or not the crack would grow. This F
) severely hindered the analysis and prevented any firm conclusions regardinc :c
3
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. {Q bubble growth. It did identify the complexity and difficulties encountered in ;
X the modeling of peel tests and demonstrated the inapplicability of the E
!} particular peel tests performed for determining case-liner bond failure in the ;
cookoff environment. f
) B. Rocket Models )
o ;
r T The values of stress and strain at various locations in the model are 3
L. listed in Tables 5-10. The locations were chosen to give a representative i:
} :i description of the stress and strain state in the pressurized rocket model. i]
. There are no stresses or strains reported in the model as r becomes larger {_
: ﬁf than the crack/bubble length, because the values become very small in that K
P region. For the purpose of discussion, the minimum thickness model with the N
kf crack/bubble length of % inch will be examined first, and other models will be ;
compared to it. "
V5 Referring to Figure 9, location 1, at the top or inner most portion of ;c
N the propellant, is a likely point for failure initiation. Referring to Table E:
o 5, the stresses at that point are tensile, with a maximum value of 9.3 psi in }
i the radial direction. This value gives a failure factor of 17.2, when divided ;
TJ o into 160 psi from Table 4. The failure factor computed from the von Mises Q
- :; strain at location 1 is 19.1. The stresses form a similar pattern at location Ei
: 8, but are reduced in magnitude. This type of trend indicates that the region X
!! of highest stress will be along the axis of symmetry, or adjacent to the .
- crack/bubble. As one progresses down the axis of symmetry towards the ?
. ;: cracktip, at locations 2-6, the state of stress changes from biaxial tension f?
- to triaxial compression. Locations 2 and 3 have smaller tensile stresses in -
o the r and ¢ direction than location 1, but the compressive stress in the z -2
E-Id direction increases. The result of this type of stress state 1is that the von g'
. Mises stress at locations 2 and 3 is higher than at location 1. At locations !
4, 5 and 6, the magnitude of the compressive stresses increases further, N
i giving maximum values from 74 to 100 psi. The von Mises stress at locations 4 P
‘a ig and 5 are 66.7 and 63.0 respectively, much higher than the value of 8.9 at fﬁ
! location 1. _ ]
RS [f failure were based upon the magnitude of the principle stresses, then ;
location 6 would be the failure point, due to principle stress 2 having the ~
3 ;: largest value, -100.2 psi. But it must be noted that location 6 is under a -
. X
as
A e e P e e R T Y \}‘-‘,‘-;.'-:.x‘_.\;\;.x"’.:
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state of triaxial compression. While the failure behavior of the propellant
material is not compietely understood, typically materials are not expected to
ia fail in regions of triaxial compression. The von Mises stress at location 6
* is 23.7 psi, due mainly to the difference in the z and r/e components of

Y stress.

¥ If propellant failure were based upon maximum von Mises stress, then a

» region either near location 4 or location 11 would be the expected site of

2 failure, due to the large (66.7 and 72.3 psi respectively) values there. Both

- of these points are also in states of triaxial compression, and they 1ie on

&: the interior portions of the model, not near an edge. Failure from one of

. these points would require a tearing or opening from an interior point in the

EE rocket propellant, and then propagation outwards. Since failures typically

~ initiate from an edge, this does not seem to be a likely mode of failure.

o After an examination of the stress states and magnitudes in the

" propellant, an engineering judgement of the situation resulted in identifying

- location 1 as the most likely propellant failure initiation point. The

> propellant and case behave much 1ike plate structures fixed at the edges, and

- in such a case the failure initiation point would be location 1. Even though

ﬁi the stress magnitudes are higher at other locations in the propeliant, they

N were mostly the result of triaxial compression states on the interior of the

:: model, as described previously. Those location (2-6) are not expected to be

) failure initiation sites. Thorough material testing of the propellant would
give results which could be used to substantiate these conclusions.

- The propellant could also fail by reaching failure strain levels. The

-g strain states in the models are also reported in Tables 5-10. The failure

N factor for location 1, when computed from the value of .21 given in Table 4

. and the von Mises strain is 19.1. This value is higher than the faflure

N factor (17.2) computed for the maximum stress, indicating that a stress

. failure criteria would be the deciding criteria for failure at location l.

:i This behavior is repeated throughout all models in this study. For this
linear analysis, at least, failure can be determined from critical stress

3 values only.

' The stress ancd strain states for locations 8-11 were given to indicate

- the patterns into the model. In all cases, they show the stresses decreasing
as you move farther into the model in the r direction. The stresses and

v strains at locations 12-17 were given to indicate the stress levels in the

z liner. In this analysis, the failure criteria for the liner was merely the
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;: unbonding of the liner from the case material, determined by the stress :E:
- intensity factors. The failure of the liner due to stress state could not be _':E:
! determined because no strength values for the liner material could be "-'”{
obtained. In spite of this, the liner would not be looked upon as a source ‘.:3-:'_;'"

;:F for failure initiation of the rocket as a whole. The effect of what happens ::;E
& in the liner would not propagate into the case or propellant, except for the ::_‘Z:
» action of crack/bubble growth. Hence, only unbonding of the liner from the "3'
case was examined in this analysis. From an examination of Table 5, it can be :'_’.\
seen that the stress levels in the liner are much higher near the crack tip E;E

- than in the rest of the model. This type of behavior is expected near a ~',"_~

K}

g

stress singularity. Away from the singularity, the stresses in the liner ¢
E: attenuate quickly, as can be seen from an examination of the stresses at 3
location 17. RN
_': Failure in the case is expected to initiate at location 7. This point t:_';:i
¢ reaches the highest stress levels (in tension) of any point in the case; ‘-.’
2 geometrically this corresponds to location 1 in the propeliant. The radial E-{;
™ stress there reaches 11320 psi, giving a failure factor of 14.1. This factor '_\4-
‘ is lower than the factor at location 1 (17.2), indicating that the case would '{,::,
i rupture before the propellant would. That situation would be true only if the
) failure factor for the stress intensity factors at the crack tip was 4-
E’: sufficiently large (> 14.1) such that the case failure would occur before
" crack growth., For longer crack/bubble lengths, as described next, the 3;2;72
E situation just discussed reverses itself. When the model with a crack/bubble ,- -
- length of 1 inch is examined, the failure factor for the propellant is lower :::_:r_‘
;-: than that for the case. ::;
S Table 14 has been constructed for all the rocket models. Since failure 2:.:
- is defined to initiate at locations 1 and 7, for the propeliant and case _;_.'.
;_' respectively, Table 14 gives the maximum radial stresses and failure factors ‘-'::.‘;:
‘ for locations 1 and 7 in all models. The radial stresses are the maximum ’
13: tensile stresses at these locations. The stress results are also graphed in )
Figures 14 and 15 for the propellant and case, respectively. 9
: The minimum thickness propellant model with a crack/bubble length of 1 :'.E.';:
inch will be compared to the results from the previously described % inch :
crack/bubble length model. Referencing Table 6 and Table 14, it can be seen P,?.
b that the stress/strain pattern is very similar to the model with the shorter .g
A crack/bubbie, but the stress/strain magnitudes are higher., In particular, the ,}E
2 A
W
;. L:A.
- z::-:




Table 14. Rocket Model Radial Stresses and Failure Factors

i,
-~
~ Location 1 Location 7
Propellant Crack/Bubble Stress Failure Stress Failure
'} Thickness Length (in) (psi) Factor (psi) Factor
N‘
Minimum 3 9.3 17.2 11320 14.1
X Minimum 1 50.0 3.2 35500 4.5
i Maximum % 0.7 228.6 11840 13.5
Max imum 1 5.0 32.0 37890 4.2
i' Minimum !
-~ (some liner '
removed) L 9.7 16.5 11410 14.0
'-?':
e Minimum
(some Tiner
. removed) 1 52.8 3.0 35620 4.5

maximum radial stress at Tocation 1 in the propellant jumps to 50.0 psi, a
five fold increase. The stress at location 7 in the case jumps three fold to
35,500 psi from 11,320 psi. However, as previously mentioned, the failure

if factor is now lower in the propellant when compared to the case, indicating
that failure would occur in the propellant first, at location 1. This
tendency would be expected to continue as the crack/bubble length increases.
Therefore, in the minimum thickness models, if the crack/bubble length were to
increase much past % inch, the failure would be expected to initiate at the
innermost (in bore) portion of the propellant.

Comparing the maximum thickness propellant model with a crack/bubble
length of % inch to the minimum thickness model with the same crack/bubble
length, it can be seen that the stresses are much lower at locations 1, 2, 3,
“s 8, 9 and 10. The stresses at locations near the crack/bubble region are

nearly the same. The overall stress/strain pattern, however, is very
iZ similar. The maximum radial stress at location 1 is only 0.7 psi, while at
Jocation 7 it is 11,840 psi. As expected, increasing the propellant thickness
has reduced the possibility of failure occurring in the propellant. The
failure factor for the case at location 7 is 13.5, a little lower than the
value from the minimum thickness model at the same location (14.1).
Increasing the propellant thickness has slightly increased the stress levels
in the case.
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| .r. When the crack/bubble length is increased to 1 inch in the maximum -:Z
” thickness model, the stress pattern is again very similar to the minimum ’
! thickness models. As in the previous case, the stress magnitudes at locations "‘5
) away from the crack/bubble are reduced, when compared to the minimum thickness E,
2 model with a crack/bubble Tength of 1 inch. Stresses near the crack/bubble ;S
o, are nearly the same, however. The maximum radial stress at location 1 is ',':
- still small, 5.0 psi, but the stress at location 7 is 37,890 psi. So, for the y
::l' maximum thickness propellant models, the failure factor for the case is much -

. lower than in the propellant, indicating that the case would fail much earlier

than the propellant.
a In the cases run where some liner elements were removed in order to
o simulate loss of liner, the stresses at the failure initiation locations
- increase slightly. This can be seen in Table 14. Both of the models with
- some liner removed had the minimum thickness propellant, so they will be 5
v compared to minimum thickness model results with similar crack/bubble 0
7 lengths. For the cases with a % inch crack/bubble, the maximum radial stress _’
v at location 1 increase from 9.3 to 9.7 psi when some liner elements are

removed. At location 7, the stress increases from 11,320 to 11,410 psi. The

i general stress/strain pattern is very similar, with slight increases in most 0
‘ of the propeilant, and slightly lower stresses near the crack/bubble tip in ‘_".::-'.
,: the models with some liner removed. For the models with a 1 inch crack/bubble :
i length, the stress increases at location 1 and 7 are 50.0 to 52.8 and 35,500 :::I:
! to 35,620 psi, respectively. The results show that the behavior of the model j?
o with some liner removed is nearly identical to the models with all liner \
o elements. Therefore, even though the amount of liner degraded into gas is an I
o unknown, its effect upon the stress state in the propellant and case appears 73
- to be minimal. ;
To summarize, the stresses increase at the expected failure initiation
) points as the crack/bubble length is increased. For the minimum thickness I‘};I'f
propellant models with a crack/bubble length of % inch, failure is more likely
) to occur in the case. When the crack/bubble length is increased to ! inch or '
l;lj longer, failure is more likely to occur in the propellant. For the maximum
’ thickness propellant models, the failure initiation point is expected to be in _;’.
.2 the case, for all lengths of crack/bubble. Removing some of the liner ;'.Z:'_'
t elements has a minimal effect upon the stresses generated in the propellant .!
and case. ;:E:
;2: =
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by The limitations of this analysis should be noted here also. The flat a0
- plate analysis is a simplified version of the three dimensional rocket motor, v‘
! and would give valid results only when bubble diameters are small compared to :.
- the diameter of the rocket. That is why the maximum crack/bubble length l':\
'-ij investigated in this analysis was 1 inch. The linear analysis was performed E;;
- because biaxial stress/strain material test data were not available for use in ‘L;.r_:_
- a nonlinear model. It is felt that the propellant material actually behaves .
in a nonlinear fashion. The case material is expected to be highly heated in ‘_:.’-::
. the cookoff event. The high temperature effect upon the case may cause it to ';
- soften, and the material will go plastic before failure, both of which would
] 1ikely cause non-linear material response. Due to the insulating effect of t
J; the pyrolysized gas, the propellant is expected to avoid these types of :.:
o effects. The degree of nonlinearity will determine how valid or invalid the ;ﬁ:;
;.- 1inear model performed here is. If the propellant and case stress-strain path Z:;"‘
' to failure is fairly linear, then the results from this analysis should be ®
reasonable. The lack of high temperature strength values for the propellant, 15.»
. liner and liner-case interface caused all the failure criteria to be based :::‘;
- upon room temperature values. This discrepancy is probably the largest E‘;
l_‘ approximation used in this analysis. At the temperatures expected in the g
| cookoff event, the strength of the case, propellant and the liner-case ,_',’.:
_:_:I interface may be reduced greatly. This may not affect the strength of the :':'-_z
i propellant at the in-bore location 1, due to a lack of heat transfer to that o
! location; but for the steel case, it would change the failure factors 5
A computed. ;‘:: .
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o V. RECOMMENDATIONS

- These recommendations are intended to provide the supporting data
necessary to improve the cookoff rocket structural analysis reported here.
Since the propellant and liner material are rubber-like, and are expected

v to behave in a nonlinear stress-strain manner, material mechanical testing
- should be performed to characterize the propellant and possibly the liner.
x These tests should be done in an incremental manner, in order to describe the

stress-strain path. Tests should also be done under biaxial tension, in order

Eﬁ to derive constants for a nonlinear analysis. Ideally, these tests should be
performed under a range of temperatures, up to temperatures where cookoff is

?i expected to occur (300 - 400°F).

-~ In order to obtain improved results for the liner-case bond strength,

~ blister type tests should be performed with the proper liner and case

materials. These type of tests should have bond failures in a very similar
manner to the failure hypothesized in this analysis. This consistency should
allow the determination of a critical Ky - KII curve, or a critical pressure

or stress value for use in determining crack/bubble growth. These tests
lz should also be performed under a range of temperatures, up to the expected

cookoff values.

; In order to improve the numerical simulation, a nonlinear code such as
TEXLESP or MARC should be used in further analysis. The nonlinear analysis
!B will be substantially more expensive, but will give results which should be

closer to the actual conditions. The current versions of TEXLESP would be
hindered by their lack of a crack tip node and crack elements, but these

E elements are available in codes such as MARC, Three dimensional models should
also be constructed and run, to determine how much variation exists with the

simpler, less expensive flat plate models. The amount of variation will
determine whether sufficient accuracy can be obtained with the flat plate

mode]l.

............................................
---------
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:-;Z This appendix contains the plots of the initial and deformed geometry of
the different rocket models. The stresses and stress intensity factors from
! these runs are reported in Section III.A. For each model, there is a plot of
» the undeformed geometry, a full scale plot of the deformed geometry, and an
. enlargement of the deformed crack tip region. For the models with some liner
;- elements removed, a plot of the undeformed crack tip region is also included.
- The scale on all of the deformed graphs is 1.0.
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e This appendix contains the plots of the initial and deformed geometry for

‘o,

=

" each angle of the peel test models (49°, 73° 90°). The stresses, strains, and
stress intensity factors from these runs are reported in Section III.B. For
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each model, there is a plot of the undeformed geometry, a full scale plot of
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the deformed geometry, and an enlargement of the deformed crack tip region.
™~ The scale on all of the deformed graphs is 1.0.
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